O
steoclasts, multinucleated cells of hematopoietic origin that degrade the bone matrix (1, 2) , are regulated by immunoregulatory molecules under both physiological and pathological conditions (3) . Osteoclast costimulation is an emerging concept that has recently come into acceptance based on the observation that combined deficiency of Fc receptor common ␥ subunit (FcR␥) and DNAX-activation protein 12 (DAP12) results in a complete lack of osteoclasts (4, 5) . In addition to receptor activator of NF-B (RANK), the receptor for RANK ligand (RANKL), the Ig-like receptors associated with FcR␥ and DAP12 have been recognized as essential receptors for osteoclastogenesis (2, 3) . Ig-like receptors were extensively studied in natural killer and myeloid cells, as well as in B cells, but this observation established that Ig-like receptors function as osteoclast costimulatory receptors, which are crucial for bone homeostasis under physiological conditions. The mutation in DAP12 causes Nasu-Hakola disease in humans (6, 7) , but there has been no other report on the contribution of osteoclast costimulation in pathological conditions in the skeletal system.
Ig-like receptors associate with adaptors harboring an immunoreceptor tyrosine-based activation motif such as FcR␥ and DAP12 in immune cells (6) . In osteoclasts, Ig-like receptors that associate with FcR␥ include paired Ig-like receptor-A (PIR-A) and osteoclast-associated receptor (OSCAR), whereas those that associate with DAP12 include triggering receptor expressed on myeloid cells-2 (TREM-2) and signal-regulatory protein ␤ (SIRP␤1) (4) . Although the ligands for these receptors have not been well characterized in the context of osteoclastogenesis, it is likely that the ligands for DAP12-associating receptors are expressed in the culture system of osteoclast precursor cells, but those for FcR␥-associating receptors are mainly expressed by osteoclastogenesissupporting cells (4, 8) . RANK and its costimulatory receptors synergistically initiate the activation of calcium signaling that leads to the induction and autoamplification of nuclear factor of activated T cells c1 (NFATc1) (4), the key transcription factor for osteoclastogenesis (9, 10) .
Rheumatoid arthritis (RA) is an autoimmune disease characterized by inflammation of synovial joints with CD4 ϩ T cell infiltration and synovial cell proliferation, leading to severe bone destruction mediated by osteoclasts (11) . Bone loss is not only observed as erosion in the affected joints, but also in the forms of periarticular and systemic osteoporoses (12) . Importantly, inflammatory cytokines directly act on osteoclast precursor cells of hematopoietic lineage and activate their differentiation into osteoclasts by cooperating with RANKL (13-15), but it is not fully understood how these cytokines exert their direct effect. Although the higher circulation level of these cytokines may contribute to enhanced osteoclastogenesis in bone tissues apart from inflammatory lesions, the mechanism of systemic osteoporosis associated with arthritis also remains unclear.
TNF-␣ is one of the critical cytokines in the pathogenesis of RA, as shown by many gain-and loss-of-function genetic models (16, 17) , as well as by the clinical efficacy of anti-TNF-␣ therapy (18) . It is notable that transgenic mice that express human TNF-␣ (hTNFtg mice) spontaneously develop destructive arthritis (16) . Interestingly, the anti-TNF-␣ antibody has been shown to suppress bone damage in patients who had no clinical improvement in terms of pain and inflammation (19) , suggesting that, under arthritic condition, TNF-␣ exerts an important direct action on bone, which is independent of its action on the immune system. Although there has been no in vivo evidence that TNF-␣ induces osteoclastogenesis in mice lacking RANKL signaling or that TNF-␣ rescues osteopetrosis in such mice (20) (21) (22) , TNF-␣ clearly acts on osteoclast precursor cells and changes the responsiveness of the cells under certain conditions (13) (14) (15) . However, the molecular mechanism underlying the enhanced osteoclastogenic potential of osteoclast precursor cells in the presence of TNF-␣ remains to be elucidated.
Here we examined the effect of TNF-␣ on osteoclastogenesis in a culture of osteoclast precursor cells stimulated with RANKL and M-CSF. We found that the promotive effect of TNF-␣ is notably observed in the late phase of differentiation characterized by NFATc1 autoamplification. Because NFATc1 autoamplification depends on calcium signaling, we explored the involvement of Ig-like receptors that initiate calcium signaling in the effect of TNF-␣. We show that TNF-␣ specifically induces Ig-like receptors PIR-As and their ligands, MHC class I molecules (23, 24) . The in vitro effect of TNF-␣ on osteoclastogenesis was significantly suppressed by PIR-A-Fc addition and abrogated in FcR␥-deficient cells. The effect was also markedly suppressed in cells deficient in ␤ 2 M, an essential subunit for MHC class I molecules (25) . We further demonstrate the importance of the TNF-␣-mediated induction of PIR-As by using hTNFtg mice crossed with mice deficient in FcR␥ (FcR␥ Ϫ/Ϫ ) or ␤ 2 M (B2m Ϫ/Ϫ ). Thus, TNF-␣ renders osteoclast precursor cells prone to differentiating into osteoclasts by up-regulating costimulation through PIR-As, which contribute to both local and systemic osteoporoses in arthritis.
Results

TNF-␣ Enhances Late Phase of Osteoclast Differentiation and NFATc1
Autoamplification. To gain insight into the molecular mechanism underlying the promotive effect of TNF-␣ on osteoclastogenesis, TNF-␣ was added at various time points to the osteoclast formation system: Bone marrow-derived monocyte/macrophage lineage cells (BMMs) were stimulated with RANKL and M-CSF, and multinucleated cells positive for tartrate-resistant acid phosphatase (TRAP ϩ MNCs) were counted [supporting information (SI) Fig. 7A ]. When TNF-␣ was added to BMMs at the same time as RANKL or before it, TNF-␣ showed no promotive effect on osteoclastogenesis (Fig. 1A) , consistent with a previous report (13) . The promotive effect of TNF-␣ on TRAP ϩ MNC formation was prominently observed when TNF-␣ was added 1 day after RANKL stimulation or later ( Fig. 1 A and SI Fig. 7B ), and such an effect was more distinctly observed at lower RANKL concentrations (Fig. 1B) . These results suggest that the effect of TNF-␣ is not dependent on RANK or signaling molecules immediately activated by RANKL stimulation, such as NF-B or TNF receptorassociated factor 6 (2). Thus, we evaluated the effect of TNF-␣ on RANKL-mediated NFATc1 induction, a hallmark event in the late phase of osteoclastogenesis (9) . Both NFATc1 mRNA and protein levels were highly up-regulated by TNF-␣ ( Fig. 1 C and D), suggesting that TNF-␣ has an effect on molecules regulating NFATc1 autoamplification.
TNF-␣ Promotes Osteoclastogenesis Through Induction of PIR-As and
Their Ligands. NFATc1 autoamplification requires calcium signaling, which is mediated by costimulatory receptors for RANK and immunoreceptor tyrosine-based activation motif-harboring adaptors (4, 8) . GeneChip analysis showed that, among Ig-like receptors that function as costimulatory receptors, Pira expression was selectively increased by TNF-␣ stimulation in BMMs ( Fig. 2A) together with a 2-fold increase in the expression level of FcR␥ (data not shown). There are at least six Pira genes in the mouse chromosome 7 that encode PIR-A molecules containing a similar ectodomain with six Ig-like loops and a transmembrane domain possessing a positively charged arginine critical for the association with FcR␥ (24) . TNF-␣-mediated induction of PIR-As was also confirmed by real-time PCR and immunoblot analyses ( Fig. 2B and  SI Fig. 8 ).
PIR-A-mediated signals are counterbalanced by the related inhibitory receptor PIR-B (26) . Although TNF-␣ also increased the PIR-B expression level, the ratio of the total protein level of PIR-As to that of PIR-B was markedly increased by TNF-␣ (Fig. 2B) , indicating that the PIR-A-mediated signal is strengthened after TNF-␣ stimulation. PIR-A ligands have not been fully determined, but recent reports indicate that they include MHC class I molecules (23, 24) . In fact, the expression levels of MHC class I (H-2) molecules such as H-2D
b and H-2K b in BMMs were significantly increased by TNF-␣ (Fig. 2C) .
As mentioned earlier, PIR-A ligands are mainly expressed by osteoblasts, and the PIR-A signal is not activated in the culture of BMMs under physiological conditions (4, 8) . However, the TNF-␣-mediated induction of PIR-As and their ligands may cooperatively strengthen the PIR-A signaling axis in the BMM culture and may contribute to the enhanced osteoclastogenesis under inflammatory conditions. Consistent with this notion, PIR-A-Fc fusion protein, but not control IgG, significantly inhibited a TNF-␣-mediated enhancement of osteoclast formation from BMMs (Fig. 2D) . 
Requirement of FcR␥ in TNF-␣-Mediated Promotion of Osteoclasto-
genesis. PIR-A has only a short cytoplasmic tail and requires the association with FcR␥ for cell surface expression and signal transduction (26) . As expected, PIR-As expression was severely impaired on the membrane of FcR␥ Ϫ/Ϫ BMMs (Fig. 3A) . Because PIR-A molecules are encoded by multiple genes and it is hardly possible to disrupt them all genetically, FcR␥ Ϫ/Ϫ mice serve as an alternative tool for analyzing the loss of function of Pira genes despite a possible contribution of other associating receptors.
When TNF-␣ was added to FcR␥ Ϫ/Ϫ BMMs, the promotive effect of TNF-␣ on osteoclastogenesis was markedly suppressed compared with that on WT BMMs (Fig. 3B) . These results indicate that TNF-␣ promotes osteoclastogenesis through FcR␥-associating receptors, including PIR-As. DAP12 Ϫ/Ϫ BMMs are unable to differentiate into osteoclasts in the pure BMM culture, but can differentiate in the coculture with osteoblasts (which may express ligands for FcR␥-associating receptors) (4, 8) . Interestingly, DAP12 Ϫ/Ϫ BMMs could differentiate into osteoclasts with boneresorbing activity in BMM culture if stimulated with TNF-␣ in addition to RANKL (Fig. 3C and SI Fig. 9 ). This result further supports the notion that FcR␥-associating receptors such as PIR-A function in the BMM culture under inflammatory conditions. In addition, no TNF-␣-mediated promotion of osteoclastogenesis was observed in BMMs deficient in ␤ 2 M, which forms the invariable light chain subunit of MHC class I molecules (25) (which represent PIR-A ligands) (Fig. 3D) . Taken together, these results suggest the importance of PIR-A among Ig-like receptors in the TNF-␣-mediated activation of osteoclastogenesis.
FcR␥-Dependent Enhanced Osteoclastogenic Potential of BMMs from
hTNFtg Mice. hTNFtg mice develop destructive arthritis similar to RA and thus are well suited for the analyses of TNF-␣-mediated pathological processes in autoimmune arthritis. In this model, the aberrant expression of TNF-␣ causes an abnormal proliferation of the synovium and local inflammation, which lead to osteoclast-mediated local bone erosion and osteoporosis (12) .
We isolated BMMs from hTNFtg mice and analyzed them by osteoclast formation assay. Interestingly, the BMMs derived from the hTNFtg mice (hTNFtg BMMs) differentiated into osteoclasts more efficiently than WT BMMs in response to RANKL (Fig. 4A) . Although the mechanisms underlying the enhanced osteoclastogenesis in hTNFtg mice may include the induction of RANKL in mesenchymal cells (11, 14, 27) or the increase in the number of osteoclast precursor cells in vivo (21, 28) , this result suggests a novel mechanism (i.e., the enhancement of the osteoclastogenic potential in the hTNFtg BMMs). Flow-cytometric analysis indicated that freshly isolated hTNFtg BMMs expressed a higher level of PIRs than WT BMMs, supporting the notion that the osteoclastogenic potential in the hTNFtg BMMs is enhanced (Fig. 4B) . Interestingly, RT-PCR analysis revealed the expression of TNF in cultured BMMs to be undetected initially, but induced by RANKL stimulation (SI Fig.  10) , suggesting that the effect of TNF-␣ is potentiated during the course of osteoclastogenesis in hTNFtg BMMs.
NFATc1 induction by RANKL was more significant in the hTNFtg BMMs than in the WT BMMs (Fig. 4C) . Therefore, we examined the expression of Ig-like receptors under the same conditions. Consistent with the observation in TNF-␣-stimulated BMMs, the PIR-As' expression level was higher in the hTNFtg BMMs than in the WT BMMs, which was more obvious after RANKL stimulation (Fig. 4C) . To obtain evidence of the importance of PIR-As in the enhanced osteoclastogenesis in the hTNFtg BMMs, we generated hTNFtg/FcR␥ Ϫ/Ϫ mice in which PIR-A signaling is abrogated. Osteoclast formation and the NFATc1 induction by RANKL in the hTNFtg/FcR␥ Ϫ/Ϫ BMMs were not so enhanced as those in the hTNFtg BMMs (Fig. 4 D and E) , suggesting that enhanced osteoclastogenesis in hTNFtg mice depends on FcR␥ and possibly on PIR-As. (29, 30) , and the disease severity is enhanced in mice lacking an inhibitory Fc ␥ receptor IIB (31) . However, adaptive immune reactions, including antibody production, are not involved in arthritis onset in hTNFtg mice (22) . Therefore, we can analyze the role of FcR␥ in the phase of bone destruction by crossing hTNFtg mice with FcR␥ Ϫ/Ϫ mice. As expected, the onset and clinical course of arthritis in hTNFtg/FcR␥ Ϫ/Ϫ mice were comparable to those in hTNFtg mice (data not shown), and there was no marked difference in inflammation severity between these mice (Fig. 4 F-H) . However, bone destruction and osteoclast formation at erosive lesions in the hTNFtg/FcR␥ Ϫ/Ϫ mice were markedly suppressed compared with those in hTNFtg mice (Fig. 4 F, I , and J).
As reported previously (12, 32) , in addition to bone erosion in the affected joints, hTNFtg mice presented trabecular bone loss in the subchondral region (periarticular osteoporosis), accompanied by an increase in osteoclast number (Fig. 4 K-M) . Moreover, 20-week-old hTNFtg mice showed systemic osteoporosis characterized by a decrease in bone mineral density (BMD) throughout the long bone (Fig. 4N) . The decrease in periarticular trabecular bone volume [bone volume per tissue volume (BV/TV)] and the increase in osteoclast number per bone surface, as well as the reduction in BMD, in hTNFtg/FcR␥ Ϫ/Ϫ mice were all attenuated compared with those in hTNFtg mice (Fig. 4 K-N) . These results suggest that both types of inflammation-induced bone loss, namely, local bone erosion and osteoporosis, are dependent on enhanced osteoclast formation through FcR␥-associating receptors such as PIR-As. molecules do not play a crucial role in the regulation of bone metabolism under physiological conditions (25, 33) . There was no significant difference in clinical course or inflammation severity between hTNFtg and hTNFtg/B2m Ϫ/Ϫ mice ( Fig. 5 A and B) . However, the degree of bone erosion and the number of osteoclasts in the affected bone lesions in hTNFtg/B2m Ϫ/Ϫ mice were markedly suppressed compared with those in hTNFtg mice (Fig. 5 C and D) . The increase in the number of osteoclasts, the reduction in subchondral bone volume, and the decrease in BMD in hTNFtg/
B2m
Ϫ/Ϫ mice were greatly attenuated compared with those in hTNFtg mice (Fig. 5 E-H) , suggesting that periarticular and systemic osteoporoses in hTNFtg mice are dependent on ␤ 2 M expression. Although the role of ␤ 2 M may not be limited to PIR-A activation, these results in toto suggest the importance of the PIR-A axis in enhanced osteoclastogenesis and bone loss in arthritis.
Anti-TNF-␣ Antibody Normalizes the Accelerated Osteoclastogenesis
and Inhibits Bone Loss in Arthritis. Finally, we examined the therapeutic effect of the anti-human TNF-␣ antibody (infliximab) on bone loss in hTNFtg mice and the enhanced osteoclastogenic potential of BMMs from these mice. Inflammatory changes and the local bone erosion in hTNFtg mice were ameliorated by the administration of infliximab (Fig. 6 A-D and SI Fig. 11 A) to the similar extent as reported previously (34) . Furthermore, we observed a marked therapeutic effect on both periarticular and systemic osteoporoses accompanied by a decrease in the number of osteoclasts in subchondral bone (Fig. 6 E-G and SI Fig. 11B ). Consistent with this, the enhanced osteoclastogenesis in hTNFtg BMMs was normalized in the presence of infliximab (Fig. 6H) . It is notable that the addition of infliximab repressed the enhanced induction of PIR-As and NFATc1 observed in the hTNFtg BMMs (Fig. 6I) . These results suggest that blocking TNF-␣ suppresses osteoclastogenesis by inhibiting the PIR-A induction, and this mechanism may underlie, at least in part, the therapeutic effect of the anti-TNF-␣ antibody on bone loss in arthritis.
Discussion
Cytokine-targeted therapy is one of the greatest recent advances in the treatment of autoimmune diseases, including RA. TNF-␣ is an inflammatory cytokine that has a profound impact on the innate and adaptive immunities and was first adopted as a target of a biological therapy (18) . Accumulating evidence indicates that the anti-TNF-␣ antibody has beneficial effects on not only inflammation, but also bone destruction in arthritis (19) . Although it has been shown that osteoclasts are effector cells essential for bone loss in arthritis (22, 35) , it has not been fully understood how TNF-␣ activates osteoclastic bone resorption and exerts its detrimental effects on bone. As a possible mechanism for TNF-␣-mediated enhancement of osteoclastogenesis, it has been shown that the population of osteoclast precursor cells is increased in the peripheral blood of hTNFtg mice (21, 28) . However, we observed that more osteoclasts were formed from hTNFtg BMMs even when the same number of BMMs was cultured. TNF-␣ stimulates the expression of osteoclast differentiation factor RANKL by acting on the osteoclastogenesissupporting mesenchymal cells (11, 14, 27) , but it also acts directly on osteoclast precursor cells and promotes RANKL-induced osteoclastogenesis (13, 14) . In fact, the direct effect plays a critical role under certain conditions in vivo (14) . To explain the direct effect of TNF-␣ on osteoclast precursor cells at the molecular level, it has been reported that TNF-␣ up-regulates or activates molecules in proximal RANK signaling such as RANK, TNF receptorassociated factor 6, and NF-B (13, (36) (37) (38) . We found that no promotive effect of TNF-␣ on osteoclastogenesis is observed in the early phase of differentiation in which these molecules are activated. Instead, the effect of TNF-␣ is more prominently observed in the late phase, characterized by NFATc1 autoamplification. NFATc1 is an essential and integral transcription factor for osteoclastogenesis, and its essential role is determined by its specific gene regulatory mechanism of autoamplification (i.e., NFATc1 binds to its own promoter and amplifies its own expression) (9) . The nuclear translocation of NFATc1 is regulated by phosphatase calcineurin, the activation of which depends on calcium signaling (10) . Therefore, we inferred that TNF-␣ targets molecules that regulate calcium signaling.
Recently, Ig-like receptors and immunoreceptor tyrosine-based activation motif-harboring adaptors such as FcR␥ and DAP12 have emerged as critical initiators of calcium signaling in osteoclastogenesis (costimulatory signal for RANK) (4, 5) . Among the Ig-like receptors involved in osteoclastogenesis, we found the expression of PIR-As (and their ligands MHC class I molecules) was selectively induced by TNF-␣. The series of experiments using FcR␥ Ϫ/Ϫ and B2m Ϫ/Ϫ mice, as well as PIR-A-Fc collectively shows that TNF-␣ activates the PIR-A signaling axis and enhances the ability of osteoclast precursor cells to differentiate into osteoclasts, thus establishing an additional mechanism underlying the effect of TNF-␣ on bone loss in arthritis. Although the increase in osteoclast number was markedly suppressed in hTNFtg/FcR␥ Ϫ/Ϫ or hTNFtg/ B2m Ϫ/Ϫ mice compared with hTNFtg mice, the BMD in hTNFtg/ FcR␥ Ϫ/Ϫ mice or hTNFtg/B2m Ϫ/Ϫ was not completely normalized. Further studies are necessary to clearly explain this discrepancy, but it is possible that decreased BMD results from the TNF-␣-mediated decrease in bone formation (39, 40) , which was not cancelled even in the absence of FcR␥ or ␤ 2 M. Interestingly, the effect of TNF-␣ is antiosteoclastogenic if BMMs are exposed to TNF-␣ before RANKL possibly because TNF-␣-stimulated BMMs are prone to commit themselves to activated macrophages (13, 41) . It is likely that this mechanism is inhibited by unknown mechanism(s) in vivo because we observed that the hTNFtg BMMs have a higher osteoclastogenic potential. Consistent with this, the inhibitory effect of TNF-␣ is less observed in the coculture system of BMMs and osteoblasts (data not shown), suggesting that bone marrow microenvironments prevent the BMMs from differentiating into activated macrophages even in the abundance of TNF-␣.
␤ 2 M is a crucial subunit for MHC class I molecules and is essential for the positive selection of CD8 ϩ T cells (25) . This study showed that it plays an important role in the TNF-␣-mediated acceleration of osteoclastogenesis, but ␤ 2 M is also involved in other pathological conditions in bones and joints by different mechanisms. For example, ␤ 2 M is related to dialysis-associated amyloid osteoarthropathy (42) . In addition, B2m Ϫ/Ϫ mice crossed with HLA-B27 transgenic mice or B2m Ϫ/Ϫ mice of susceptible backgrounds develop arthritis spontaneously (43, 44) . Therefore, ␤ 2 M is required for suppressing the onset of autoimmune diseases under certain conditions. However, because the onset of arthritis in hTNFtg mice in the B2m Ϫ/Ϫ background was not altered in this study, ␤ 2 M is not involved in the onset of this type of arthritis and exclusively functions in the bone-destruction phase in this model.
A defect in osteoclast costimulation (caused by loss-offunction mutation in DAP12 or TREM-2) is associated with an autosomal recessive condition with bone cysts and presenile dementia called Nasu-Hakola disease (6, 7, 45) . Another osteoclast costimulatory receptor system, PIR, is involved in graftversus-host diseases (23) , but has never been linked to bone diseases. This study reports on the role of the costimulatory receptor for RANK in the context of pathological activation of osteoclastogenesis in inflammation-related bone diseases. Note that the expression level of human orthologues for PIRs, leukocyte Ig-like receptors, in synovial cells in RA is increased (46) , but further studies are necessary to determine the functional significance of this finding. Currently, neither PIR-A-Fc appropriate for the in vivo administration nor the genetically modified mice lacking all PIR-A molecules are available, but it will be an important issue in the future to develop a method to specifically and completely disrupt PIR-A function in vivo. Because FcR␥ Ϫ/Ϫ mice show no obvious defect in the bone homeostasis (4), PIR-As and their adaptor, FcR␥, play an important role specifically in the pathological activation of osteoclastogenesis. Therefore, targeting the PIR-A signaling axis will be an auspicious therapeutic strategy in inflammation-induced bone loss.
Methods
In Vitro Osteoclast Formation. In vitro osteoclast differentiation was performed as described previously (47) . See SI Methods for details. 
